Multiple sclerosis is a leading cause of neurologic disability in young adults, affecting over 2 million people worldwide[@b1]. Several immunomodulatory therapies that share an ability to reduce inflammatory episodes have been approved for treatment of multiple sclerosis. However, current medications have limited ability to prevent axonal loss and accumulation of neurologic disability. Optic neuritis, an inflammatory demyelinating disease of the optic nerve[@b2], is the most common presenting sign of multiple sclerosis[@b3] and involves a spectrum of visual changes ranging from mild to complete visual loss. Although optic neuritis often resolves with limited visual loss, up to 60% of patients develop permanent visual deficits[@b4] that correlate with retinal ganglion cell (RGC) axonal loss, seen clinically as thinning of the retinal nerve fiber layer[@b5][@b6][@b7][@b8][@b9]. These studies suggest that therapies preventing permanent neuronal damage have the potential to prevent long-term visual loss following optic neuritis. The demyelinating process observed in optic neuritis has similar radiographic, histological, and biochemical appearances as other lesions throughout the central nervous system (CNS) white matter in multiple sclerosis patients. Therefore, identifying ways to reduce permanent visual deficits from optic neuritis may also lead to better interventions for preventing neurological deficits in multiple sclerosis.

The neurological repair potential of amnion epithelial cells has been shown to reduce fetal brain injury in response to intrauterine inflammation[@b10]. Amnion epithelial cells also modulate immune responses and suppress the inflammatory response in the EAE model of multiple sclerosis[@b11]. Amnion-derived Multipotent Progenitor (AMP) cells are a subpopulation of amnion epithelial cells that are grown in serum free media[@b12]. AMP cell wound healing therapy has been shown to reduce the incidence of laparotomy wound failure[@b13]. In a model of traumatic brain injury, AMP cell treatment was shown to significantly attenuate axonal degeneration and improve motor impairment[@b12]. However, administration of cells to treat neurological diseases and disorders of the brain is complex, possessing inherent regulatory hurdles, is supply restricted and is generally precluded by limitations of delivery routes.

In addition to cells, the secreted products of various cell types have been suggested as a means of treating inflammatory and neuronal diseases[@b14][@b15]. For example, AMP cells highly express b-III tubulin, a neuronal marker, and can be directed towards ectodermal-neuronal lineage when differentiated. Partially differentiated AMP cells produce neuronal-type cytokines including FGF2, GDF15, GDNF, Notch2, NRCAM, NRG1 (unpublished data), and TGFβ[@b16]. AMP cells also produce important growth factors and cytokines involved in tissue regeneration and wound repair including angiogenin, platelet derived growth factor BB, vascular endothelial growth factor, transforming growth factor--beta 2, amphiregulin, decorin, secreted protein, acidic and rich in cysteine, and hyaluronic acid. Anti-inflammatory factors include macrophage inhibitory cytokine-1, macrophage migration inhibitory factor, the protease dipeptidyl peptidase-IV, and the lipid resolvin D1, as well as anti-apoptotic factors such as soluble tumor necrosis factor receptor 1, soluble tumor necrosis factor-related apoptosis-inducing ligand receptor-3, Axl, and tissue inhibitors of metalloproteinases[@b17]. The AMP cell secretome called ST266 (formerly Amnion-derived Cellular Cytokine Solution[@b18]; ACCS) has been shown to enhance wound healing[@b19], promote macrophage activity[@b20], and exhibit both anti-inflammatory and neuroprotective properties in the treatment of a penetrating ballistic brain injury model[@b21][@b22]. ST266 also stimulates Schwann cell proliferation and protects neural cells from staurosporine induced apoptosis *in vitro*. Individual proteins in ST266 are found at concentrations in the pg/mL to ng/mL range[@b18], with the total concentration of secretome proteins approximating 100 μg/mL. Many of these cytokines and growth factors are involved in the mechanisms proposed to explain fetal scarless wound healing[@b23][@b24]. Interestingly, a recent study showed that the secretome from mesenchymal stem cells promotes neuroprotection of RGCs in *ex vivo* retinal explants[@b25], suggesting that the combination of factors secreted by stem cell populations may indeed prevent neuronal damage specifically to RGCs. However, there are few reports available on the neuroprotective potential of stem cell secretomes *in vivo*. Studies establishing efficient methods to deliver this type of biologic therapy to the retina and optic nerve, and demonstration of neuroprotective effects in relevant disease models are needed. In the current studies, the potential ability of the amnion cell derived ST266 secretome to reduce inflammation and prevent neuronal loss was examined in the experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis.

Materials and Methods
=====================

Animals
-------

Six week old female C57/Bl6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Mice were housed at the animal facility at the University of Pennsylvania. All procedures were approved by and conformed to Institutional Animal Care and Use Committee at the University of Pennsylvania guidelines. Adult Sprague Dawley rats were purchased from Harlan Sprague Dawley, Inc. Rats were housed at the animal facility at the HealthPartners Institute. All procedures were approved by and conformed to Institutional Animal Care and Use Committee at the HealthPartners Institute guidelines. All applicable international, national, and institutional guidelines for the care and use of animals were followed.

Measurement of ST266 Distribution
---------------------------------

ST266 (Human Serum Albumin free) was radiolabeled with I-125 using the Chloramine-T (p-toluene sulfonochloramide) method[@b26]. Intranasal administration was performed with anesthetized Sprague Dawley rats (n = 4, 346 ± 13 grams body weight) lying on their backs. Descending aortas were cannulated for collection of blood samples during dosing and to facilitate subsequent perfusion. A pipette (P20) was used to intranasally administer 60 μl of ST266 over 18 min. Ten 6 μl nose drops were given noninvasively to alternating nares every 2 min while occluding the opposite naris. The drop was placed at the opening allowing the animal to snort the drop into the nasal cavity. 30 minutes after the onset of intranasal administration, rats were perfused with 60 ml of saline followed by 360 ml of 4% paraformaldehyde at a rate of 15 ml/min. Tissues samples were dissected and weighed, then radioactivity was assessed by gamma counting (Beckman Coulter, Indianapolis, IN, USA) and then converted into concentration units utilizing the specific activity of the administered solution and the sample weight. To assess the size of radiolabeled proteins detected in tissues, elected vitreous humor and optic nerve samples were homogenized, separated by NuPAGE^®^ Novex 10% Bis−Tris SDS gel (Thermo Fisher Scientific, Waltham, MA, USA), and analyzed for I-125 by gamma counting as in prior studies[@b27].

Induction and Scoring of EAE
----------------------------

EAE was induced as in prior studies[@b28]. Briefly, at 8 weeks of age, mice were anesthetized with isoflurane and were injected subcutaneously at two sites on the back with a total of 200 μg of myelin oligodendrocyte glycoprotein (MOG) peptide (MOG~35--55~; Genscript, Piscataway, NJ, USA) emulsified in Complete Freund's Adjuvant (Difco, Detroit, MI, USA) containing 2.5 mg/ml mycobacterium tuberculosis (Difco). Control mice were injected with an equal volume of phosphate buffered saline (PBS) and Complete Freund's Adjuvant. In addition, each animal received 200 ng pertussis toxin (List Biological, Campbell, CA, USA) in 0.1 ml PBS by i.p. injection at 0 h and 48 h post-immunization. Severity of EAE was scored using a previously published[@b28][@b29][@b30][@b31][@b32] 5-point scale: no disease = 0; partial tail paralysis = 0.5; tail paralysis or waddling gait = 1.0; partial tail paralysis and waddling gait = 1.5; tail paralysis and waddling gait = 2.0; partial limb paralysis = 2.5; paralysis of one limb = 3.0; paralysis of one limb and partial paralysis of another = 3.5; paralysis of two limbs = 4.0; moribund state = 4.5; death = 5.0.

ST266 Treatment
---------------

Aliquot samples of ST266 were shipped on dry ice from Noveome Biotherapeutics, Inc., Pittsburgh, PA, and stored at −20 °C. A fresh aliquot was thawed and warmed to room temperature each day to use for treatment. Mice were grouped and treated once daily with one drop (6 μl) of ST266 or PBS intranasally beginning before onset of optic neuritis (day 1 to day 42) or after (day 15--30, 15--42, 22--42 and 30--42) as indicated in each experiment. For mice receiving ST266 for only a portion of the study, the mice were treated with PBS during the interval when they were not receiving ST266 such that all control and treated mice received the same total volume of intranasal fluid daily.

Quantification of Retinal Ganglion Cell Survival *in vivo*
----------------------------------------------------------

RGCs were immunolabeled and counted as described previously[@b32]. Briefly, retinas were isolated following sacrifice, prepared as flattened wholemounts, washed and permeabilized in 0.5% TritonX 100 in PBS by freezing them for 15 min at −70 °C. The specimens were then rinsed in PBS containing 0.5% Triton, and incubated overnight at 4 °C with goat-anti-Brn3a (RGC marker) antibody (Santa Cruz) diluted 1:100 in blocking buffer (PBS, 2% bovine serum albumin, 2% Triton X 100). The retinas were washed three times in PBS, incubated for 2 hours at room temperature with anti-goat secondary antibody diluted 1:500 in blocking buffer, washed in PBS and mounted vitreous side up on slides in anti-fading solution. RGCs were photographed at 40X magnification in 12 standard fields: 1/6, 3/6, and 5/6 of the retinal radius from the center of the retina in each quadrant, and counted by a masked investigator using image analysis software (Image-Pro Plus 5.0; Media Cybernetics, Silver Spring, MD).

Evaluation of Optic Nerve Inflammation and Demyelination
--------------------------------------------------------

Optic nerves were isolated, fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 5 μm longitudinal sections. For histological analysis, sections were stained with H&E and examined by light microscopy. Presence of inflammatory cell infiltration in the optic nerves was quantified by immunostaining for Iba1, a marker for microglia/macrophages. Optic nerve sections were deparaffinized and rehydrated. Antigen retrieval was done by heating sections at 95 °C in Vector antigen unmasking solution (Vector Laboratories, Burlingame, CA, USA) for 15 minutes. Nonspecific binding was blocked with blocking reagent from Vectastain Elite Avidin/Biotin Complex kit (ABC; Vector Laboratories), and sections were then incubated in rabbit anti-Iba1 antibody diluted 1:200 (WAKO, Richmond, VA, USA) at 4 °C overnight. Sections were washed three times with PBS and incubated with goat biotinylated anti-rabbit secondary antibody (Invitrogen, Carlsbad, CA, USA) for 2 hours at room temperature. Avidin/Biotin Complex detection was performed using the Vectastain Elite ABC kit and DAB (diaminobenzidine) substrate kit (Vector Laboratories) according to the manufacturer's instructions. Photographs were taken at 20X magnification of three fields/nerve (one each at the distal, central, and proximal regions of the longitudinal optic nerve section) and the number of Iba1+ cells per optic nerve was counted by a blinded investigator. To detect demyelination, sections of the optic nerve were stained with Luxol fast blue (LFB) and quantified on a 0--3 point relative scale by a blinded investigator similar to prior evaluations of spinal cord demyelination[@b32]: 0 = no demyelination; 1 = scattered foci of demyelination; 2 = prominent foci of demyelination; and 3 = large (confluent) areas of demyelination. The entire length of each optic nerve section was examined.

Evaluation of Spinal Cord Inflammation and Demyelination
--------------------------------------------------------

Inflammation[@b30] and demyelination[@b32] in the spinal cord were assessed by previously published methods[@b30][@b32]. Following transcardial perfusion, spinal cords were isolated, post-fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 5 μm sections. Inflammation was assessed on routine histological analysis of sections stained with hematoxylin and eosin (H&E) and examined by light microscopy. The presence or absence of inflammatory cell infiltrates, and relative degree of inflammation, was scored by a blinded investigator using a 0--3 point scale: no inflammation = 0; mild inflammation = 1, moderate inflammation = 2, severe inflammation = 3. Three sections were examined from each of three spinal cord levels (cervical, thoracic and lumbar) for each mouse. Scoring of the relative level of inflammation was based on review of all 9 sections from each spinal cord. To assess demyelination, spinal cord sections were stained with LFB. Areas of demyelination were quantified by a blinded investigator using a 0--3 point scale: 0 = no demyelination; 1 = rare foci of demyelination; 2 = a few foci of demyelination; and 3 = large (confluent) areas of demyelination. Three sections were examined from each of three spinal cord levels (cervical, thoracic and lumbar) for each mouse.

Quantification of Axonal Area
-----------------------------

Neurofilament staining was done according to a previously published protocol[@b33]. Briefly, sections of the optic nerve were deparaffinized, rehydrated, and then permeabilized with 0.5% tween-20 in PBS. Non-specific binding was blocked with blocking reagent from Vectastain Elite ABC kit (Vector Laboratories) and sections were incubated in rabbit anti-neurofilament antibody 1:100 (AbCam) at 4 °C overnight. The sections were washed three times with PBS and incubated with goat biotinylated anti-rabbit secondary antibody (Invitrogen) for 2 hours at room temperature. The ABC detection was performed using the Vectastain Elite ABC kit and DAB (diaminobenzidine) substrate kit (Vector Laboratories) according to manufacturer's instructions. Photographs were taken of three fields/nerve (one each at the distal, central, and proximal regions of the optic nerve) by a blinded investigator using a standard exposure, and staining was quantified by calculating the optical density using Image J software (nih.gov).

Measurement of optokinetic responses (OKR)
------------------------------------------

Visual function was assessed by OKR using OptoMotry software and apparatus (Cerebral Mechanics Inc., Medicine Hat, AB, Canada), as in prior studies[@b28]. OKR function is determined by the highest spatial frequency at which mice track a 100% contrast grating projected at varying spatial frequencies, and data are reported as cycles/degree.

MitoSOX staining
----------------

MitoSOX Red (Invitrogen) mitochondrial superoxide indicator is a live-cell permeable fluorogenic dye for selective detection of superoxide in the mitochondria. MitoSOX Red reagent is selectively targeted to the mitochondria, where it is oxidized by superoxide and exhibits red fluorescence, with increased stained shown previously in EAE optic nerves[@b30][@b33]. Staining was performed here by the same methods. Briefly, mice were anesthetized with ketamine/xylazine and the optic nerves were removed immediately, washed with PBS and incubated in 5 μM MitoSOX Red for 30 min at 37 °C. After incubation, nerves were washed three times with PBS and then post fixed in 4% paraformaldehyde for 2 hrs at 4 °C and mounted in OCT after three washes. 5 μM cross-sections were made, viewed by fluorescent microscopy, and photographs of 5 sections/optic nerve were taken at 20X magnification. Staining was quantified by calculating the optical density using Image J software (nih.gov).

Western Blot analysis
---------------------

Retinas or optic nerves were dissected and ultra-sonicated in ice cold RIPA buffer to obtain total protein extracts as previously described[@b32][@b33]. Western-blot analyses were performed using antibodies raised against PGC1α (Abcam, 1:1000), SDHβ (Abcam, 1:1000), SIRT1 (Abcam, 1:1000), phosphor-AKT Ser 473 (Millipore, Billerica, MA, 1:1000), pan-AKT (Cell Signaling, Danvers, MA, 1:1000) and phosphor-PDK1 (Cell Signaling, 1:1000). β-actin (Sigma, St. Louis, MO, 1:5000) was used as control to normalize protein levels. Proteins were separated by 10% SDS polyacrylamide gel electrophoresis, with 20 μg of protein per lane, and then transferred to nitrocellulose High bound ECL membranes (GE Healthcare Biosciences, Pittsburgh, PA). The membrane was blocked with 5% Phospho blocker Blocking reagent (Cell Biolabs, San Diego CA) or 3% non-fat milk (Bio-rad, Hercules, CA) for 1 hr at room temperature and probed with primary antibody in blocking buffer overnight at 4 °C. After being washed three times using PBST, the membranes were incubated with corresponding horseradish peroxidase-conjugated secondary antibodies at a dilution of 1:3000 for 1 hr at room temperature. After three further washes, immunocomplexes were visualized with an enhanced chemiluminescence detection kit (Thermo Scientific, Southfield, MI).

Primary RGC cultures
--------------------

Primary retinal cells were prepared and cultured as in prior studies[@b34]. The retina was removed from 5-day old C57BL/6 J mice and cells were dissociated in solution containing papain (Worthington, Lakewood, NJ) for 15 min at 37 °C. After digestion, the retinal tissue was washed with low concentration of ovomucoid solution followed by high concentration ovomucoid solution to deactivate papain. Tissues were then transferred into Neurobasal medium containing SATO supplement, NS21 supplement and growth factors- BDNF, CNTF and Forskolin, triturated, and passed through a 40 μM cell strainer before seeding the isolated cells onto poly-D-lysine (0.1 mg/ml, molecular weight \<300,000 Da, Sigma) and laminin (20 μg/ml, Sigma) coated 96 well plates at a cell density of 1 × 10^5^ cells per mL. 24 hr later, the cells were treated with 5 μM staurosporine with or without ST266 diluted 1:20 in Neurobasal medium. 2 μM of the SIRT1 inhibitor EX527, or 7 μM of pAKT inhibitor X were added where indicated. To quantify RGC survival, wells were washed twice with PBS and fixed in methanol for 15 min at −20 °C. Fixed cells were permeabilized using 0.3 M Glycine and blocked with 10% normal donkey serum in PBS for 1 h followed by incubation with anti-Thy1 antibody (Abcam, 1:100) over night at 4 °C to label RGCs. After washing with PBS, fluorescein-labeled secondary antibodies (Thermo Scientific, 1:500) were applied for 1 h at room temperature. Finally, cells were visualized and pictures were taken using a fluorescence inverted phase contrast microscope (Eclipse TE600; Nikon, Tokyo, Japan), at 10X magnification and the Thy1-specific RGCs were counted by a masked investigator.

Statistical Analysis
--------------------

Data are expressed as means ± SEM. Differences in EAE scores and OKR responses across time were compared by ANOVA of repeated measures using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA). For comparisons of inflammation, demyelination, RGC numbers, RGC axon staining and visual function at individual time points, as well as protein expression by western blotting and RGC numbers *in vitro*, data were compared using one-way ANOVA followed by Tukey's Multiple Comparison test using GraphPad Prism 5.0. Differences were considered statistically significant at p \< 0.05.

Results
=======

ST266 Administered Intranasally Accumulates in Optic Nerve and Vitreous
-----------------------------------------------------------------------

The anti-inflammatory and neuroprotective effects of intracranially delivered ST266 in a rodent model of traumatic brain injury[@b21][@b22] suggested that ST266 has neuroprotective properties that could be useful to treat multiple sclerosis. However, a less invasive method of delivery for chronic disease is needed. Intranasal delivery of protein therapies has been explored as a potential therapeutic route for the CNS[@b35], including delivery of the multiple sclerosis drug interferon-beta[@b36]. To determine if intranasal delivery could target the tissues of the eye, the biodistribution of ST266 labeled with I-125[@b26] was examined in anesthetized rats. ^\[I-125\]^ST266 administered via the intranasal route in rats reached the CNS within 30 minutes, and was detected in the vitreous and the optic nerve at markedly higher concentrations than in the brain ([Fig. 1](#f1){ref-type="fig"}). Approximately 0.9% of the administered dose was detected in the vitreous and about 1.1% of the administered dose was detected in the optic nerve. A high concentration in the target delivery tissues (olfactory epithelium and respiratory epithelium) as well as the olfactory bulbs (56 ng ST-266/g tissue) and trigeminal nerves (39 ng ST-266/g tissue) suggested that ^\[I-125\]^ST266 traveled along these pathways into the brain. In a separate experiment, SDS-PAGE chromatography of intranasally delivered radiolabeled ST266 indicated deposition of peptides/proteins in the 3000 to greater than 69,000 dalton weight range on the optic nerve and in the vitreous. These results indicated that large molecular proteins could access the optic nerve via the olfactory nerve when administered intranasally.

Early ST266 Treatment Prevents Neuronal Damage and Dysfunction in EAE Optic Neuritis
------------------------------------------------------------------------------------

EAE induced by immunization with MOG peptide in C57BL/6 J mice results in ascending paralysis from spinal cord inflammatory demyelinating lesions, as well as high rates of decreased visual function from optic nerve involvement in over 90% of eyes[@b28][@b29]. EAE was induced in 8-week old female C57BL/6 J mice to determine whether the observed levels of ST266 that accumulated in optic nerve and vitreous following intranasal administration could prevent optic nerve dysfunction and damage from optic neuritis. Mice were treated daily with a single drop (6 μl) of either ST266 (\~0.6 μg of secretome proteins) or placebo (PBS) delivered intranasally beginning on the day of immunization (day 0) and continuing for 6 weeks. Prior studies[@b28] have shown that RGC function decreases over time when measured by OKR, due to optic neuritis in EAE mice. Daily intranasal ST266 significantly improved OKR scores in EAE mice, with preserved levels comparable to non-EAE control mice ([Fig. 2A](#f2){ref-type="fig"}). Intranasal ST266 significantly reduced loss of RGCs and their axons ([Fig. 2B,C](#f2){ref-type="fig"}) in EAE mice measured 6 weeks after induction of EAE. In addition, daily intranasal ST266 treatment resulted in significant suppression of inflammatory cell infiltration of the optic nerve ([Fig. 2D](#f2){ref-type="fig"}) and limited the degree of demyelination induced by EAE optic neuritis ([Fig. 2E](#f2){ref-type="fig"}).

Therapeutic ST266 Administration Reduces Neuronal Damage and Reverses Dysfunction in EAE Optic Neuritis
-------------------------------------------------------------------------------------------------------

Initial studies detailed above (in [Fig. 2](#f2){ref-type="fig"}) showed that ST266 treatment initiated at the time of immunization of EAE mice, before onset of optic neuritis, prevented visual dysfunction and histopathologic damage in optic nerves. Treatment at later time points was therefore examined to determine the ability of intranasal ST266 to therapeutically suppress optic neuritis after disease onset. Optic nerve inflammation begins 9--12 days post-immunization and peaks by day 15 in C57BL/6 J EAE mice, with progressive demyelination and axonal injury over the next two weeks. Significant RGC loss is detected as early as day 30, and is nearly complete by day 40[@b28]. EAE was induced in 8-week old female C57BL/6 J mice. Mice were treated with daily intranasal ST266, or sham treated with PBS, beginning after the peak onset of optic neuritis. All mice received one 6 μl drop of intranasal solution daily beginning on day 15 post-immunization, either ST266 or PBS as indicated. The known time course of EAE optic neuritis and the timing of ST266 treatment are shown in [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}. [Table 1](#t1){ref-type="table"} summarizes the six treatment groups studied to observe the restorative effects of ST266.

ST266 treatment initiated at each time point halted or reversed initial RGC dysfunction after onset of treatment, marked by significantly better OKR measurements achieved at subsequent time points ([Fig. 3A](#f3){ref-type="fig"}) as compared to EAE mice treated only with PBS. Intranasal ST266 treatment initiated at day 15 also significantly prevented RGC loss at day 42 ([Fig. 3B](#f3){ref-type="fig"}), and treatment beginning on days 22 or 30 showed a trend toward increased RGC survival. A small but significant increase in RGC axon density was also induced by intranasal ST266 ([Fig. 3C](#f3){ref-type="fig"}). Improved visual function and RGC survival in ST266 treated mice occurred in association with suppressed optic nerve inflammation ([Fig. 3D](#f3){ref-type="fig"}). Reduced demyelination was also observed in ST266 treated mice compared with PBS treated mice ([Fig. 3E](#f3){ref-type="fig"}). In contrast to effects on optic neuritis, intranasal ST266 initiated before or after onset of optic neuritis had little effect on ascending paralysis and related spinal cord inflammation and demyelination ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}), consistent with the lower levels of ST266 that reach other parts of the CNS following intranasal delivery ([Fig. 1](#f1){ref-type="fig"}).

Multiple Signaling Pathways Involved in ST266 Mediated Neuroprotection
----------------------------------------------------------------------

The numerous cytokines and growth factors present at pg to ng/mL concentrations in ST266[@b18] suggest possible paracrine activation of multiple intracellular signaling pathways. Thus, ST266 itself serves as a combination therapy, but this also makes it difficult to determine all of the possible pathways involved in ST266 mediated neuroprotection of RGCs. To elucidate part of this mechanism, potential stimulation of the protein deacetylase SIRT1 was examined. SIRT1 is a NAD^+^-dependent deacetylase[@b37] whose activation promotes cell stress responses and cell survival[@b38][@b39]. Several studies have shown that activation of SIRT1 prevents RGC loss in EAE and viral induced optic neuritis[@b30][@b31][@b32][@b33], in optic nerve trauma[@b40], and in primary RGC cultures[@b34], by promoting mitochondrial biogenesis via deacetylation of PGC1α and resulting reduction of oxidative stress[@b33][@b34][@b40]. To assess the potential involvement of SIRT1 in ST266 mediated neuroprotection, EAE was induced in 8-week old female C57BL/6 J mice, and mice were treated with daily intranasal ST266, or sham treated with PBS, beginning on day 15 post-immunization. Mice were euthanized either on day 22, day 30, or day 42, and retinas and optic nerve were isolated for protein extraction or histology. ST266 treated EAE mice had increased expression of SIRT1 in the retina by day 22, as compared to PBS treated EAE mice ([Fig. 4A](#f4){ref-type="fig"}). This was associated with increased retinal levels of the mitochondrial coenzyme PGC1α on both days 22 and 30 ([Fig. 4B](#f4){ref-type="fig"}), and increased retinal and optic nerve levels of the mitochondrial enzyme succinate dehydrogenase, by day 30 ([Fig. 4C](#f4){ref-type="fig"}), consistent with increased mitochondrial biogenesis in ST266 treated EAE mice. Furthermore, ST266 treatment led to a reduction in reactive oxygen species (ROS) that accumulated in the optic nerve during optic neuritis ([Fig. 4D,E](#f4){ref-type="fig"}). RGC survival was assessed in primary retinal cell cultures to determine whether SIRT1 signaling pathways could play a functional role in preventing RGC loss. RGC death was induced by exposure to 5 μM staurosporine. Treatment with ST266 diluted 1:20 in neurobasal medium significantly attenuated RGC loss, and co-administration of 2 μM of the SIRT1 inhibitor EX527 blocked the protective effect of ST266 ([Fig. 4F](#f4){ref-type="fig"}), suggesting that ST266 stimulated SIRT1 signaling is capable of preventing RGC death.

Multiple growth factors exert effects by stimulating the AKT signaling pathway that can reduce oxidative stress and inhibit apoptosis. For example, platelet-derived growth factor (PDGF), one of the growth factors present in ST266[@b18], attenuates oxidative stress and enhances neuronal survival via PI3 kinase driven phosphorylation of AKT in primary mouse cortical neurons[@b41]. Thus, the potential role of phospho-AKT (pAKT) in promoting ST266 mediated RGC survival was measured. Levels of pAKT were significantly higher in retinas of EAE mice treated with intranasal ST266 beginning on day 15 post-immunization, as compared to retinas from PBS-treated EAE mice, measured on day 30 ([Fig. 4G](#f4){ref-type="fig"}). However, phosphorylation of PDK1 (pPDK1), a target of PI3 kinase known to subsequently phosphorylate AKT[@b42][@b43], was not increased. A decrease of pPDK1 was observed in the retinas of EAE mice treated with ST266 ([Fig. 4H](#f4){ref-type="fig"}). Thus, ST266 induced phosphorylation of AKT may be mediated by another pathway, such as SIRT1, which has been shown itself to induce AKT phosphorylation[@b44]. Functionally, pAKT is involved in ST266 mediated RGC survival *in vitro*, as ST266 mediated neuroprotection of staurosporine-induced RGC loss in primary retinal cell cultures was blocked by 7 μM pAKT inhibitor X ([Fig. 4I](#f4){ref-type="fig"}).

Discussion
==========

The current results demonstrate that intranasally delivered ST266 accumulated at therapeutic levels in optic nerve and in the vitreous, such that it reduced loss of RGCs and preserved RGC function in experimental optic neuritis. Significant decreases in inflammation and reduced demyelination of the optic nerve were also observed. Experiments suggested that the activation of SIRT1 prevented the loss of RCGs by promoting mitochondrial biogenesis and reduction of oxidative stress. The significant neuroprotective effects observed with both early ST266 administration prior to optic neuritis onset as well as later administration after disease onset suggest that ST266 represents a potential prophylactic and therapeutic treatment for optic neuritis.

Despite good recovery of visual acuity in many patients, RGC loss is associated with permanent visual dysfunction[@b5][@b6][@b7][@b8][@b9] that occurs in up to 60% of optic neuritis patients[@b4]. More recently, studies have shown loss of RGC axons occurs in multiple sclerosis patients even in the absence of acute optic neuritis, and correlates with length of disease[@b45][@b46], suggesting a progressive neurodegenerative process that is not prevented by current multiple sclerosis medications. Indeed, current therapies modulate immune responses and reduce disease relapses[@b47][@b48], but show limited potential to prevent neurodegeneration and neurologic dysfunction. For optic neuritis specifically, there is no treatment that alters visual outcome. High dose corticosteroids are given to some patients to speed recovery, but this has no effect on final visual outcome[@b4]; and similarly, corticosteroids initiated after onset of optic neuritis do not prevent RGC loss in EAE mice[@b49]. Thus, improved, safe neuroprotective therapies are needed. Numerous potential neuroprotective therapies have shown promise in animal models, particularly stroke models[@b50], and also in optic nerve disease[@b51]. However, such treatments, which typically focus on modulating one specific signaling pathway, have failed in human translational studies[@b50][@b51]. This failure is likely due to the complex interaction of multiple pathways in human disease, and has led to the idea that combination therapy, targeting multiple pathways is needed to provide meaningful neuroprotection.

The unique and novel composition of ST266 makes it an ideal candidate for combination therapy. The combination of biologic molecules in ST266 includes important growth factors and cytokines[@b16][@b18] that can stimulate a variety of anti-inflammatory and neuroprotective responses in human cells. The near-physiologic concentrations of these factors may allow cells to respond only to those factors that stimulate receptors that have been upregulated in response to cell stress. The combination of low concentrations of cytokines and growth factors in ST266 may avoid untoward side effects and may be less likely to stimulate normal levels of receptors on healthy cells. Indeed, nine GLP preclinical acute and chronic administration safety studies of ST266 have shown it to be safe and well tolerated. ST266 has also been shown to be safe in several Phase 1 clinical trials. The multiple biologic molecules present in ST266 makes it unlikely that every specific mechanism underlying its neuroprotective effects can be fully determined, but the current studies suggest two potential signaling pathways that may be involved: AKT phosphorylation, and PGC1α deacetylation induced by SIRT1. These results are particularly intriguing based on prior studies that have shown significant RGC neuroprotective effects mediated by compounds that activate SIRT1 as well as by genetic strategies to overexpress SIRT1[@b30][@b31][@b32][@b33][@b34][@b40]. Of note, while prior studies show SIRT1 activators delivered either orally or intravitreally prevent RGC loss in EAE optic neuritis, the same studies found little effect on optic nerve inflammation and RGC function[@b30][@b31][@b32]. These results suggest that SIRT1 activators would need to be given in combination with immunomodulatory therapy to provide functional neuroprotection. ST266, however, reduced inflammation, reduced demyelination and preserved visual function in addition to preventing RGC loss whether given early or late, supporting the hypothesis that more than one pathway is likely stimulated by ST266 treatment and can combine to provide both structural and functional neuroprotection. The effects were specific on the visual pathways as shown by the fact that the reagent did not rescue spinal cord inflammation.

Current results are also consistent with prior studies showing RGC neuroprotective effects mediated by stem cells, and a recent study showing effects of a stem cell secretome on RGC survival *ex vivo*. Studies have shown that intravitreal injection of mesenchymal stem cells reduces RGC loss in models of retinal ischemia[@b52], optic nerve trauma[@b53], and glaucoma[@b54][@b55]. The mechanisms of these effects are not well understood, but are likely mediated by factors secreted by the stem cells. Johnson *et al*.[@b25] recently demonstrated that the secretome of mesenchymal stem cells itself protects RGCs *ex vivo*, and identified a cocktail of several of the secreted growth factors that recapitulate these effects. One factor, PDGF, played a key role including promoting RGC survival *in vivo*. Interestingly, PDGF is one of the growth factors present in ST266[@b18], and is known to signal via PI3 kinase driven phosphorylation of AKT[@b41].

The potent neuroprotective results of ST266 in optic neuritis support previous studies suggesting ST266 stimulates paracrine signaling of numerous cell types to affect tissue repair[@b18][@b19][@b20][@b21][@b22]. Furthermore, results present the intranasal route of administration as a novel means of delivering biological protein therapeutics to the optic nerve and to the eye. Intranasal drug delivery has been used to bypass the blood-brain barrier to target the brain and CNS[@b35][@b36][@b56], and clinical studies delivering insulin intranasally have been reported in Alzheimer's disease[@b57][@b58]. However, specific use of any treatments for optic nerve degeneration has not been previously reported. For retinal disease, intravitreal injection has become a common delivery method for recent advancements in treatment of macular degeneration and diabetic retinopathy[@b59]. The potential of non-invasive intranasal administration to reach the vitreous, as seen with ST266 accumulation in vitreous in the current study, provides an opportunity for more frequent dosing with reduced risks of local complications, and would represent a huge advancement in drug delivery. Labeled proteins delivered intranasally are targeted to the cribriform plate and travel along the olfactory nerve into the CNS[@b60]. Rapid accumulation at the optic nerve after administration suggests localized diffusion, perhaps through lymphatic channels or along neuronal pathways more likely than systemic absorption with hematologic spread. Additional studies will be needed to determine whether similar drug accumulation occurs in humans. However, the observed distribution and activity of ST266 in rodents alone has significant implications for future drug treatment studies, as this method could potentially be used for daily intraocular dosing of drugs in place of intravitreal injections in preclinical studies. Intravitreal injections can be performed in rodent eyes[@b31], but the ability to repeat injections is limited.

The current results show potent neuroprotective and anti-inflammatory effects of intranasal ST266 on the optic nerve in an animal model of multiple sclerosis. Results suggest ST266 is a potential therapy for optic neuritis, a neurodegenerative disorder of the optic nerve that currently has no available treatment to prevent RGC loss, prevent related permanent visual dysfunction, and preserve visual function. ST266 has shown an excellent safety profile in other preclinical disease models, and indeed has been and is being evaluated in several clinical trials, including in patients undergoing radiation for breast cancer (ClinicalTrials.gov Identifier: NCT01714973), for the treatment of human gingivitis (NCT02071199), periodontitis (NCT02761993) and dry eye (NCT02369861). The evaluation of drug distribution via intranasal delivery, or perhaps through intravitreal methods, may lead rapidly to translation into human clinical trials for optic neuritis. Current results further support exploration of the potential therapeutic effects of ST266 in other optic neuropathies, as well as other CNS lesions in multiple sclerosis. Intranasal ST266 represents a novel therapy and delivery route poised to fill the unmet need for neuroprotection of optic nerve diseases including glaucoma, inflammatory, ischemic and hereditary optic neuropathy, optic nerve injury and acquired and hereditary retinal degenerations. Leveraging the unique attributes of the biologic molecules present in the ST266 amnion-derived secretome may allow targeting of other neuro-degenerative targets include CNS trauma, ischemia and enhancement of anti-inflammatory treatment strategies for autoimmune diseases through innovative, non-invasive delivery methods. Furthermore, intravitreal injections are currently used to treat millions of patients with degenerative retinal diseases including macular degeneration and diabetic retinopathy. The current results suggest intranasal delivery should be explored as a potentially safer, easier and noninvasive method of delivering existing therapies that could lead to significant changes in current treatment practices.
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![Intranasal I-125 radiolabeled ST266 accumulated at high levels in optic nerve and vitreous.\
60 μl of I-125 radiolabeled ST266 was administered intranasally over 18 minutes as 6 μl drops given to alternating nares every 2 min. Animals (N = 4 Sprague Dawley rats) were euthanized 30 minutes later, tissues were removed, and levels of I-125 were measured. Significant accumulation of I-125 was detected in optic nerves (1100 ng/g of tissue) and vitreous (885 ng/g of tissue). Some radiolabeled ST266 material was also detectable in the blood, olfactory bulbs, trigeminal nerves, and across the brain, all at lower levels, less than 100 ng/g of tissue. Data represent the mean ± SD concentration measured as ng/g of tissue.](srep41768-f1){#f1}

![Prophylactic intranasal ST266 treatment suppresses EAE optic neuritis.\
EAE mice were treated with one drop (6 μl) of PBS or ST266 in the nose daily beginning on the day of immunization through the day of sacrifice 6 weeks later. Control (non-EAE) mice received daily intranasal PBS. (**A**) Visual function, measured by OKR responses, shows significant decreases in eyes of EAE mice (N = 10) compared to controls (N = 6) (\*\*\*p \< 0.001), and daily intranasal ST266 leads to significantly better OKR responses in EAE mice (N = 12) (^@@@^p \< 0.001 vs EAE). (**B**) RGCs/retina were counted 42 days post-immunization. EAE optic neuritis induces significant RGC loss (\*\*\*p \< 0.001 vs. control), and ST266 prevents this loss (^@@@^p \< 0.001 vs. EAE). Images show RGCs (green) in one representative retinal field from each group (original magnification X40). (**C**) Optical density of RGC axon staining in longitudinal optic nerve sections shows significant RGC axon loss in EAE (\*\*\*p \< 0.001 vs. control) that is attenuated by ST266 (^@@@^p \< 0.001 vs. EAE). Photographs of axon staining (brown) in three regions from 6 optic nerves from each treatment group highlight the focal nature of axonal degeneration. (**D**) Macrophages/microglia in optic nerves were immunostained using anti-Iba1 antibodies. Optic nerves from EAE mice have more Iba1+ cells than control mouse optic nerves (\*\*\*p \< 0.001), and inflammatory cell numbers are reduced in optic nerves from ST266-treated mice (^@@^p \< 0.01 vs. EAE). Images show Iba1+ cells (brown) in one representative optic nerve from each group (original magnification X20). (**E**) Myelin in optic nerves stained with LFB shows EAE mice have more myelin loss than control mouse optic nerves (\*\*\*p \< 0.001), and demyelination is reduced in optic nerves from mice treated with ST266 (^@@^p \< 0.01 vs EAE). Images show myelin stain (blue) in one representative optic nerve from each group (original magnification X20). Data represent the mean ± SEM in all graphs.](srep41768-f2){#f2}

![Therapeutic intranasal ST266 treatment prevents vision loss and neurodegeneration.\
EAE mice were treated daily with intranasal PBS or ST266 beginning 15 days post-immunization. ST266 was given on indicated days (15--42; 15--30; 22--42; or 30--42), and PBS was given all other days until euthanasia on day 42. (**A**) OKR responses show vision loss in EAE mouse eyes (\*\*\*p \< 0.001 vs. control). ST266 treatment days 15--30, 15--42, and 22--42 all improve OKR responses (^@^p \< 0.05 vs. EAE). Despite a trend toward improvement in mice treated days 30--42, vision is reduced compared to controls (\*\*p \< 0.01). (**B**) RGC loss in EAE (\*\*\*p \< 0.001 vs. control) is reduced by ST266 treatment days 15--30 and 15--42 (^@^p \< 0.05 vs. EAE). ST266 treatment days 22--42 and 30--42 leads to a trend in increased RGC survival, with RGC loss still occurring in eyes of mice treated from days 30--42 (\*p \< 0.05 vs. control). Representative images show RGCs (green) in one retina from each group (original magnification X40). (**C**) Decreased RGC axon staining in EAE (\*p \< 0.05 vs. control) is attenuated in all ST266 treatment groups (^@@@^p \< 0.001, ^@@^p \< 0.01, and ^@^p \< 0.05 vs. EAE, respectively). Representative images show axons (brown) in one optic nerve from each group (original magnification X20). (**D**) Optic nerves from EAE mice have more Iba1+ macrophages/microglia than controls (\*\*p \< 0.01), and inflammation is reduced in mice treated with ST266 from days 15--30 and 15--42 (^@^p \< 0.05 vs EAE). ST266 treatment days 22--42 and 30--42 leads to a trend in reduced inflammation, with significant Iba1+ cells still found in mice treated days 30--42 (\*p \< 0.05 vs control). (**E**) A trend toward reduction of demyelination found in EAE mice (\*p \< 0.05 vs. control) in ST266-treated mice was significant only in mice treated days 22--42 (^@^p \< 0.05 vs. EAE). Data represent the mean ± SEM in all graphs. One representative experiment of three therapeutic treatment trials is shown.](srep41768-f3){#f3}

![ST266-induced signaling pathways contributing to RGC neuroprotection.\
EAE mice were treated daily with intranasal PBS or ST266 beginning day 15 post-immunization through sacrifice (days 22, 30 or 42). Protein was isolated for Western blot analysis. Alternatively, optic nerves were stained with MitoSOX Red. Data represent mean ± SD levels from 3 mice/group. (**A**) ST266 increases day 22 retinal SIRT1 expression (\*p \< 0.05 vs. EAE). (**B**) ST266 increases day 22 retinal PGC1α expression (\*p \< 0.05 vs. EAE). By day 30, PGC1α expression in EAE retinas decreases (\*\*\*p \< 0.001 vs. controls), while ST266 still increases PGC1α (^@^p \< 0.05 vs. EAE). (**C**) ST266 increases day 30 SDH expression in retina and optic nerves (^@^p \< 0.05 vs. EAE). (**D**) Increased MitoSOX Red staining of superoxide in EAE optic nerves (\*\*\*p \< 0.001 vs. controls) on day 22 is reduced by ST266 (^@@^p \< 0.01 vs. EAE). Images show MitoSOX Red staining in one optic nerve/group (original magnification X40) in (**D**,**E**). At day 42, increased MitoSOX Red staining in EAE optic nerves (\*\*p \< 0.01 vs controls) is further reduced by ST266 (^@@^p \< 0.01 vs EAE). (**F**) Primary retinal cell cultures exposed to 5 μM staurosporine for 24 h show loss of Thy1+ RGCs (\*\*p \< 0.01 vs. controls), that is prevented by 24 h treatment with ST266 diluted 1:20 in medium (^@@^p \< 0.01). 2 μM EX527 (SIRT1 inhibitor) blocks protective effects of ST266 (^\#\#^p \< 0.01). EX527 alone does not affect RGC survival (^\^\^^p \< 0.01 vs. staurosporine +ST266 + EX527). N = 3--4 wells/culture condition. One of two experiments shown. (**G**) ST266 increases day 30 retinal pAKT expression (\*p \< 0.05 vs. EAE). (**H**) ST266 decreases retinal pPDK1 expression (\*p \< 0.05 vs. EAE). (**I**) ST266 (1:20) prevention (^@^p \< 0.05) of staurosporine- induced RGC loss in primary retinal cultures (\*\*p \< 0.01 vs. controls) is blocked by 7 μM pAKT inhibitor X (^\^^p \< 0.05). pAKT inhibitor X alone does not affect RGC survival (^@^p \< 0.05 vs staurosporine +ST266 + pAKT inhibitor X). N = 3--4 wells/culture condition. One of two experiments shown.](srep41768-f4){#f4}

###### ST266 Treatment Groups.

  Group       Treatment Cohort      ST266 (treatment days)   PBS (treatment days)
  ------- ------------------------ ------------------------ ----------------------
  1        Control wild type mice            ---                    15--42
  2               EAE mice                   ---                    15--42
  3               EAE mice                  15--42                   ---
  4               EAE mice                  15--30                  31--42
  5               EAE mice                  22--42                  15--21
  6               EAE mice                  30--42                  15--29
